Brain protein oxidation: Starting in on protein oxidation as a case in point, we performed a direct inter-species comparison of the baseline levels of membrane protein oxidation and cytosolic protein oxidation in mice, rats, and humans, taking lipid peroxidation as a reference marker. As expected, we usually found that baseline levels of oxidative damage were much lower in long-lived humans than in short-lived rodents. This observation applied to both markers 8-isoprostane immunoreactivity and protein carbonyl chemoreactivity in cytosolic proteins in cortical as well as cerebellar tissue. To our surprise, though, membrane protein oxidation in the human cerebral cortex appeared to be detached from this largely consistent picture, as we detected the highest levels of damage of all specimens in this fraction. Hence, the carbonyl content of human cortical membrane proteins exceeded that of mouse cortical membrane proteins or human cerebellar membrane proteins, despite the fact that lipid peroxidation and cytosolic protein oxidation in the same samples were utterly low. How to explain such a result in markers of oxidation that are often considered equivalent in mice and humans?
Membrane proteins: From a structural point of view, membrane proteins might be particularly exposed to reactive oxygen species as they are immersed into the membrane, in which peroxyl radicals emerging from chain reactions are much more concentrated than in the aqueous space, especially under pathological conditions . While this structural interpretation might clearly contribute to the answer as it correctly predicts a difference between membrane and cytosol, it leaves unresolved why humans, and within humans, why cortex is primarily affected. Evidently, there is little room for any speculation that higher exposure to oxidants might also explain the species difference, as to all knowledge, humans generate much lower fluxes of oxidants than rodents (Kudin et al., 2008) , which is concordant with our finding of very low lipid peroxidation and cytosolic protein oxidation . A major part of the answer might rather come from a different direction, namely from the consideration that steady-state levels of macromolecular oxidative damage necessarily reflect exposure (per time), repair (per time), and lifetime. As protein carbonyls are most likely not repaired, the question arises whether there may exist substantial differences in the brains of mice and men regarding protein longevity. Could higher steady-state levels of oxidation actually reflect longer protein half-lives, either in a functional or dysfunctional state?
Protein turnover: Mouse liver proteins have an average lifetime of about 3 days, with large variation, while mouse brain proteins persist significantly longer and reach mean lifetimes of about 9 days (Price et al., 2010) . Notably, the longest-lived classes of proteins in both tissues are polytopic membrane proteins. In the brain, proteins from the myelin sheath, the nuclear membrane, and the inner mitochondrial membrane are among the longest-lived examples and can reach lifetimes of several weeks. Hence, membrane proteins are indeed longer-lived than cytosolic proteins, but this difference seems to entail only a minor bias towards higher membrane protein oxidation in mice . The relevant point that needs to be addressed in consequence, but which cannot be answered satisfactorily to date, is whether proteins in the human cortex have similar, or possibly much longer lifetimes than their mouse counterparts. Evolutionary biology would argue that larger animals like humans have lower metabolic rates and in connection, lower protein turnover, involving longer molecular lifetimes. However, brain metabolic rates in mice and humans are actually very similar and thus constitute an exception from the rule (Aiello and Wheeler, 1995) . Moreover, the pronounced neocortical size expansion that has taken place within just a few million years in humans (Figure 1 ) may have been too rapid to enable the adaptive structural evolution of all cortical proteins to acquire sufficient stability to result in a proportionally increased lifetime. What would happen, thus, if longer lifetimes were forcefully imposed on the brain's proteins by human brain anatomy even if they were not yet adapted structurally to such extended lifetimes?
Axonal transport: It is palpable from plain anatomy that many human cortical proteins must fulfill an unusual demand regarding their lifetime, namely stability during extended periods of axonal transport. In the human cortex, the average spatial distance between functionally connected sites has been estimated to be in the range of 70,000 µm (Bullmore and Bassett, 2011) . Assuming direct proportionality with cortical size, the corresponding distance in mice would be approximately 3,000 µm (Figure 1) . Hence, it is at least these (Euclidean) distances that proteins synthesized and assembled perinuclearly have to travel to reach their presynaptic site of function, and many of them will have to travel back the same distance for final disposal. As there is no indication that axonal transport is much faster in humans than in mice, synaptic vesicles, generally thought to be the fastest travelling structures (velocity 1.2 -1.5 µm/s), will be on the road for a minimum of about 0.5 days in humans, whereas membrane protein-loaded mitochondria probably travel for at least 1.5-4 days (velocity 0.2-0.6 µm/s) (MacAskill and Kittler, 2010) . Homologous mouse proteins will be travelling for only about 1/25 of these intervals. Thus, transport times appear to be negligible in mice, but relevant in humans, especially if one assumes that both species might have comparable protein lifetimes (of about 9 days). However, it is quite likely from first principles that human proteins travelling anterogradely for 1.5-4 days will not exhibit lifetimes of merely 9 days, such that for many membrane proteins, significantly longer lifetimes need to apply. Hence, if proteins evolved for relatively short lifetimes were rather suddenly obliged to survive long transport times during which stability and oxidative damage may not be as stringently surveilled as at the synapse, it is quite well conceivable that these proteins might suffer selectively from increased oxidation.
Protein degradation:
An even more compelling argument might still arise from retrograde axonal transport. Notably, cytosolic proteins in the cortex are readily degraded locally, by the dendritically and axonally ubiquitous proteasomes (Tai and Schuman, 2008) . In fact, it has been shown that protein carbonyls serve as signals for degradation by the 20S proteasome, at least in cytosolic and moderately hydrophobic proteins (Höhn et al., 2013) . In contrast, this option seems to be blocked for the severely hydrophobic membrane proteins, as there is clear evidence of retrograde transport of multivesicular bodies, aged mitochondria and even autophagosomes all the way down to the perinuclear space at a mean velocity of about 0.45 µm/s in vitro (Maday et al., 2012) . This velocity would translate into an average travelling time of about another 2 days in vivo after the "decision to degrade". Was the latter decision based on exceeding oxidation, these oxidized structures would persist without further maintenance or repair and would be detectable for at least the necessary transport time. Besides, more than 25% of autophagosomes seem to travel at 0.1 µm/s or less, implying a travelling time of more than 8 days if these structures were indeed a separate class of cargo (Maday et al., 2012) . And throughout retrograde transport, these oxidized and damaged hydrophobic proteins might start to aggregate or display other types of toxic gain of function. At present, it appears that long retrograde travelling times of oxidized membrane proteins already marked for degradation provide one of the best explanations for the experimentally observed pattern of high protein oxidation limited to humans, to cortex, and to membrane proteins. In addition, two rather odd observations from animal studies might be much easier to explain when the peak markers of protein oxidation in the brain were primarily related to structures that are not under redox surveillance anymore. First, the fact that acute antioxidants often provide benefit in vivo even if they do not lower the predominant markers of oxidation. Concordantly, they sometimes help in models that do not even display elevated peak markers of oxidation. Second, the fact that protein oxidation shows considerable inter-individual variability, while within each individual, rather small increases on top of the individual baseline suffice to cause cellular damage.
Conclusion:
Granted that the "oxidation-through-lifetime" hypothesis was correct, what consequences would emerge for future neuroprotective strategies? Most basically, the realization that humans and mice are different, even with respect to such fundamental aspects of redox homeostasis as protein carbonyl formation. In humans, cytosolic protein oxidation appears to be less of a problem than damage to membrane proteins, which might account for the failure in humans of the exclusively aqueous, double-sulfo compound NXY-059 that had been quite efficacious in rodents. Gyrencephalic animal models might provide some solution to avoid the rodent-human gap, as proposed by the Stroke Therapy Academic Industry Roundtable (STAIR) recommendations for stroke, but it is clear that those models are very much demanding. What could one still achieve in mice? Clearly, the study of protein turnover should provide significant insight. Moreover, the identification of proteins with very high baseline levels of oxidation, or the search for proteins that are selectively degraded after an insult or in a disease might be rewarding. Much less rewarding might be the further search for proteins whose steady-state levels of oxidation are somewhat higher in a disease than in healthy controls: those proteins might just represent a subset of proteins whose oxidation is extraordinarily well tolerated by the cell, such that the cell postpones their degradation to a later point . In the end, the study of protein oxidation in the dynamic context of turnover and site-specific degradation in the brain seems crucial, particularly for the development of better treatment options for those neurological disorders that are caused or strongly influenced by proteolytic failure: the Neuronal Ceroid Lipofuscinoses (NCL), or Parkinson's disease (PD), to name two prominent examples.
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Figure 1 Illustration of the average distances of functionally connected sites in the cerebral cortex of humans (70,000 µm, left) and mice (3,000 µm, right). These Euclidean distances provide a lower estimate for the stretches of way that have to be travelled by presynaptic proteins after their perinuclear synthesis to reach their site of function. In many cases, proteolytic degradation of a protein after having reached its lifespan requires retrograde travelling of the same distance. At supposedly identical axonal transport velocity, human proteins will be on the move much longer than mouse proteins. The small mouse brain on the lower right is approximately drawn to scale.
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